Abstract-The research on automated tracing has noticeably advanced in the past few years. Various methodologies and tools have been proposed in the literature to provide automatic support for establishing and maintaining traceability information in software systems. This movement is motivated by the increasing attention traceability has been receiving as a de jure standard in software quality assurance. Following that effort, in this research proposal we describe several research directions related to enhancing the effectiveness of automated tracing tools and techniques. Our main research objective is to advance the state of the art in this filed. We present our suggested contributions through a set of incremental enhancements over the conventional automated tracing process, and briefly describe a set of strategies for assessing these contributions impact on the process.
I. INTRODUCTION
The automatic traceability problem can be defined as the ability to establish traceability links between various types of artifacts in a software system automatically, at the highest possible rates of accuracy (precision) and coverage (recall). While several solutions for this problem have been proposed in the literature, information retrieval (IR) methods seem to be standing out [1, 2] . These methods view the problem as a standard search problem, where a query of keywords is matched with a set of artifacts in the software repository. These artifacts are then ranked based on how relevant they are to the query using a predefined similarity measure. Examples of IR methods, which have been investigated heavily in the automated tracing literature, include: Vector Space Model (VSM) [1] , Latent Semantic Indexing (LSI) [3] , and Probabilistic Network Model (PN) [4] .
IR-based automated tracing process is shown in Figure 1 . The process consists of three steps: indexing, retrieval, and presentation. In the indexing step, input artifacts are converted into more compact forms that are compatible with the underlying retrieval model. In the retrieval step various IR algorithms are used to identify a set of candidate traceability links by matching a trace query with artifacts in the software repository. In the presentation step, retrieved candidate traceability links are presented to the human analyst for further validation. An optimally effective traceability process should be able to recover traceability links at 100% rates of recall and precision. Recall measures coverage and is defined as the percentage of correct links that are retrieved, and precision measures accuracy and is defined as the percentage of retrieved candidate links that are correct. However, empirical studies that have been conducted to evaluate the effectiveness of different IR-based tracing methods show that current methods and tools are still far from being optimal. These studies indicate that all the exploited methods so far are almost equivalent in that they are able to capture almost the same information [5, 6] . In most cases, a recall of 90 -100% is achieved at precision levels of 5-30% [6] . Such relatively poor performance requires human analysts working with these tools to spend a considerable amount of time classifying candidate traceability links. Classification in this context refers to identifying correct links and discarding false positives [7] . This raises major concerns about the practicality of such tools and the feasibility of deploying them in industrial settings.
Motivated by these findings, in this preliminary research proposal, we identify several research directions related to enhancing the performance of automated tracing tools and techniques. Our objective is to contribute to the incremental effort toward solving the traceability problem defined earlier [8, 9] . The rest of the paper is organized as follows: Section II provides a brief review of current trends in automated tracing research. Section III describes our research agenda, including our research questions and preliminary results. Finally, Section IV concludes the paper and describes directions for future work. [11] proposed a technique for recovering traceability links by combining textual and structural information of software artifacts. Gibiec et al. [12] used a web-based query expansion algorithm to trace stubborn requirements. While these new techniques helped to improve some aspects of the process, none of them provided a complete solution to the problem, as most of the results showed inconsistent performance across different datasets.
Performance enhancement: Under the second category of research, researchers try to utilize other factors, beyond the underlying retrieval mechanism, that might impact the overall performance of tracing tools, hence, increase their practicality. For example, De Lucia proposed an incremental approach, based on user feedback analysis, to improve the retrieval performances by incorporating feedback from user classification decisions with the underlying retrieval mechanism [7] , Cleland-Huang et al. [13] introduced three performance enhancement strategies for incorporating supporting information into a probabilistic retrieval algorithm. The strategies include hierarchical modeling, logical clustering of artifacts, and semi-automated pruning of the probabilistic network. Capobianco et al. [14] proposed an approach that acts on the artifact indexing considering only the nouns contained in the artifact content to define the semantics of an artifact. Again, in all of these studies, mixed results were reported over various datasets, which confirms the general consensus in the literature that there is an upper limit on the performance IRmethods can achieve.
Human analysts: The automated traceability community has recently begun to study human factors in the tracing process. The work of Hayes et al. [15, 16, 17] is seminal in this category. Paying attention to the human factors allows the traceability community to develop better techniques and tools that reduce analysts' cognitive overhead while performing traceability tasks, thereby increasing their effectiveness and efficiency. A main observation reported by these studies is that human analysts working with automated tracing tools fail to recover correct requirement traceability matrix (RTM) [17] .
The above brief review shows that despite major advances in both the state of practice and the state of art of automated tracing, the process is still far from being perfect. Several challenges need to be addressed in order for tracing tools and methods to be considered practical. Next we identify some of these standing challenges, our potential solutions and evaluation strategies.
III. RESEARCH AGENDA Current traceability tools and methods are still far from achieving optimal accuracy, much work is still needed in order to get these tools to be practically useful. Next we review the basic structure of the automated tracing process that has been laid out in the literature (Figure 1 ). We revisit each step in the process and try to identify potential areas for enhancement. We present our suggested contributions through a set of incremental updates over the conventional traceability process (Figure 2) , and describe our research questions and preliminary findings.
A. Indexing Enhancement
We start our experimental investigation by looking at the first step in the automated tracing process, known as artifacts indexing. Indexing is a standard, yet a crucial step in which partial and important information from system artifacts is converted into a representation that is compatible with the underlying IR model. Even though indexing has been heavily investigated in related IR fields such as Web search and documents retrieval, there has not been a thorough investigation of this process and its impact on the retrieval quality in automated tracing literature. In our work, we investigate software artifacts indexing for supporting automatic traceability. We try to identify the main aspects of the indexing process and conduct proper experiments, using several datasets, to examine the features of this process and their dependencies. Our main research questions are: What features of the indexing process have an actual impact on the overall process? And, do different types of artifacts need to be indexed differently?
Our ultimate objective is to describe a feature diagram that captures the key components of the indexing process and their relationships in the domain of automated tracing. Our findings will be implemented through a smart indexer (shown in Figure  2 ) -an adaptive component which adjusts indexing settings, based on type of input artifacts, in a way that ensure efficient, yet effective, operation of the automated tracing process.
So far, our preliminary findings, reported in [18] , show that when it comes to source code indexing, considering comments in the indexing process helps improve the traceability link quality significantly. Stemming was also found useful when comments were considered. However, if comments were ignored then the overhead of stemming is unnecessary. Future work will be focused on expanding our feature diagram to include other types of artifacts and other aspects of the process such as tokenizing and filtering schemes.
B. Humans in the Tracing Process
Studies of assisted requirements tracing [15, 16, 17] have revealed that on the one hand, the success of requirements tracing, as measured by the final RTM, hinges largely on how the analysts subjectively evaluate the candidate traceability links generated by the IR methods, and on the other hand, the performance of human analysts is influenced by the quality of the initial candidate RTM generated by the tool. In an attempt to break this loop, we propose a new approach that combines both sides of the equation (IR methods and human judgment) into one step. Our suggested approach is to bring human judgment to an earlier phase of the automated tracing process, by integrating it into the underlying retrieval mechanism. To achieve that, we examine semantic relatedness techniques (SR). SR methods try to imitate the human mental model when making decisions of semantic relevance [19] .
Our main research question is: does integrating human judgment into the retrieval process, through the use of SR, improve the overall performance of automated tracing tools?
To address our research question, we propose an experimental framework to assess the potential effect of SR on traceability link recovery by executing different retrieval methods, with different levels of semantic support, over several datasets. The results are assessed using certain evaluation mechanisms that measure different aspects of the performance including: results quality, effort saving and browsability [20] . Our preliminary findings in this aspect shows that, integrating human judgment, through the use of semantically-enhanced IRbased technique, will help to leverage more advanced matching schemes, hence, achieving better recall [21] . This argument also opens the door for several other questions related to using semantics. For example: how much semantics is needed? What effect does semantics have on the precision? And which semantically enhanced technique has more potential in achieving the desired 100% precision level stated early in our definition? Our future work will be focused on addressing these issues.
C. Retrieval Enhancement
Automated tracing research has emphasized recall over precision [1, 2] . This argument is based on the assumption that, it is easier for a human analyst to deal with the errors of commission (incorrect links) rather than the errors of omission (missing links). While this strategy of favoring recall has been proven successful in other related fields, such as Web search − as most users can actually locate their answers after the first or the second query refinement, it is not the case in traceability links retrieval. A query is usually an artifact by itself, (e.g. a piece of code or a usecase). The user does not have much freedom to refine it, and re-searching is unlikely to change the results, leaving the user with extensive link classification task. In fact, some studies in IR suggest that any approach without "high precision&recall" is practically useless [22] . Therefore, in our proposal we argue that, in addition to perfecting the recall, traceability tools should also strive for high precision in order to claim a successful operation.
To address this challenge, we propose a technique, based on results clustering, for enhancing the accuracy (precision) of automated tracing tools. Clustering has been investigated before in IR literature. Encouraging results were reported in several related IR fields under various settings [23] . Following this line of research, we propose a comprehensive analytical study to look at clustering, its operation and potential benefits in providing a retrieval support for traceability tools. We base our research hypothesis on the main clustering hypothesis which suggests that true positives and false positives will be grouped in high quality and low quality clusters respectively. The precision can then be enhanced by identifying and eliminating low quality clusters i.e. junk. In particular, by exploiting various clustering and retrieval strategies, we will try to demonstrate how optimal clustering parameters can be identified, tuned and evaluated in an automated tracing process. Figure 2 shows our clustering-based approach to enhancing candidate traceability link generation as an upper loop over the main tracing loop.
D. Presentation Enhancement
As mentioned earlier, direct human judgment of candidate links is required in order to arrive at the final RTM [17] . Paying attention to this process allows the requirements traceability community to shift from the study of methods [1] to the study of human factors [16] . However, to date, the research on human analysts in tracing has been mostly exploratory through indirectly analyzing the initial and final RTMs, rather than directly observing the analyst's behavior. Lack of such knowledge makes it difficult to identify factors that influence the human behavior and develop further tool support to enhance analyst's tracing experience.
To address the gap, we propose a study to empirically examine to what extent the presentation of candidate links affects tracing in a controlled experiment. In our proposed work, we will investigate the presentation factor by directly observing how human analysts interact with two main interfaces for presenting candidate traceability links including: ranked-list and result categories. We will design and implement various styles for presenting candidate traceability links by leveraging several related fields such as the concepts of information foraging [24] , cognitive science principles [25] , human computer interaction research [26] and comprehensiondriven clustering techniques [27] . Figure 2 shows our potential contribution, represented as a separate component that adopts presentation strategies proven efficient throughout our experimental investigation.
Additionally, we will look at currently available tools, the retrieval methods they adopt and their presentation styles [28] , try to identify specifications of a successful development of practical tools, and implement these specification through a set of working prototypes. Our study will not only collect muchneeded empirical data for the literature on human factors in automated tracing, but will also offer insights for traceability practitioners and tool builders. A preliminary prototype was introduced in [29] , in which we introduced TraCter, a tool for traceability link clustering.
IV. CONCLUSIONS
As long as the challenge of achieving a 100% recall and precision is still standing, the problem of automated tracing remains unsolved. More research is required on different aspects of the problem to achieve the desired quality levels if automated tracing tools are to be deployed in industrial settings. Following that effort, in this preliminary report we proposed a set of performance enhancement techniques to improve the overall operation of the IR-based automated tracing process. Our contributions are based on careful analysis of the current state of research, and the potential areas for improvement. We presented our proposed contributions through a set of incremental enhancements over the conventional IR-based tracing process and briefly described a set of strategies for assessing their impact on the overall performance. Future work include continuing our work on addressing our research questions and reporting our results. 
